Radio continuum emission from local analogs of high-z faint LAEs:
  Blueberry galaxies by Sebastian, Biny & Bait, Omkar
Draft version August 20, 2019
Typeset using LATEX twocolumn style in AASTeX62
Radio continuum emission from local analogs of high-z faint LAEs: Blueberry galaxies
Biny Sebastian1 and Omkar Bait1
1National Centre for Radio Astrophysics, Tata Institute of Fundamental Research, Post Bag 3, Ganeshkhind, Pune 411007, India
(Received January 1, 2018; Revised January 7, 2018; Accepted August 20, 2019)
Submitted to ApJ
ABSTRACT
We present a radio continuum study of a population of extremely young and starburst galaxies,
termed as blueberries at ∼ 1 GHz using the upgraded Giant Metrewave Radio Telescope (uGMRT).
We find that their radio-based star formation rate (SFR) is suppressed by a factor of ∼ 3.4 compared
to the SFR based on optical emission lines. This might be due to (i) the young ages of these galaxies
as a result of which a stable equilibrium via feedback from supernovae has not yet been established
(ii) escape of cosmic ray electrons via diffusion or galactic scale outflows. The estimated non-thermal
fraction in these galaxies has a median value of ∼ 0.49, which is relatively lower than that in normal
star-forming galaxies at such low frequencies. Their inferred equipartition magnetic field has a median
value of 27 µG, which is higher than those in more evolved systems like spiral galaxies. Such high
magnetic fields suggest that small-scale dynamo rather than large-scale dynamo mechanisms might be
playing a major role in amplifying magnetic fields in these galaxies.
Keywords: galaxies: dwarf – galaxies: high-redshift – galaxies: ISM – galaxies: starburst – galaxies:
star formation – galaxies: magnetic fields
1. INTRODUCTION
In the hierarchical galaxy formation model, dwarf
galaxies are the first galaxies to have formed stars
in the Universe. These galaxies are then thought to
have undergone various events of mergers and accretion
which transformed them into the massive galaxies we
observe today. Of these high redshift galaxy popula-
tions, Lyman-α emitters (LAEs) are of particular inter-
est. Most of the high-z LAEs are star-forming galax-
ies with low mass, low metallicity, low dust extinction,
young stellar population (≤ 100 Myr) and compact sizes
(e.g., Gawiser et al. 2007; Malhotra et al. 2012). Stud-
ies have also shown that faint dwarf starburst galax-
ies, a subset of which could be LAEs, can leak a sig-
nificant amount of Lyman continuum (LyC) photons
which could be major contributors for reionization (e.g.,
Dressler et al. 2015; Drake et al. 2017). Thus it is impor-
tant to do a statistical study on the complex processes
of star formation (SF), gas accretion and feedback in
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these high-z LAEs. But owing to their high redshifts it
can be extremely difficult to study them in detail.
Due to these limitations, it is very useful to search for
local analogs of high-z LAEs e.g., the bright green and
compact (typically ≤ 5 kpc) galaxies termed as “green
pea” galaxies (Cardamone et al. 2009) discovered by the
volunteers from the Galaxy Zoo project. These galax-
ies have extremely high SFRs, low stellar masses, low
metallicities and have a bright green color due to the
extremely strong [OIII] emission line. Green pea galax-
ies are also known to leak a significant amount of LyC
photons which can ionize the surrounding intergalactic
medium (e.g., Izotov et al. 2016). Yang et al. (2017)
has searched for low redshift counterparts of the green-
pea galaxies in the Sloan Digital Sky Survey (SDSS)
ugriz broadband images. They have found a sample of
40, spectroscopically confirmed, starburst dwarf galaxies
with even smaller sizes (≤ 1 kpc), lower stellar masses
and low metallicities, termed as “Blueberry” galaxies.
They are supposed to be the local analogs of high-z faint
LAEs (Yang et al. 2017).
A complementary study of this peculiar population
of galaxies at radio frequencies can provide an indepen-
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dent estimate of their total (dust-obscured and unob-
scured) SFRs (e.g., Condon 1992; Magnelli et al. 2015;
Pannella et al. 2015; Bera et al. 2018). Radio emis-
sion from high redshift (z ∼ 3− 4) Lyman-break galax-
ies (LBGs) has been reported only by stacking analysis,
(e.g., Carilli et al. 2008; Ho et al. 2010; To et al. 2014).
This stacked radio luminosity was also found to be sys-
tematically lower than those expected from the ultra-
violet (UV) luminosity (Carilli et al. 2008). However,
for such galaxies, it is hard to separate the effect of an
increased inverse Compton (IC) cooling of the relativis-
tic electrons due to scattering from cosmic microwave
background (CMB) photons versus an intrinsic deficit.
The local analogs of LBGs and LAEs will have a neg-
ligible amount of IC-CMB losses and are also easier to
detect. However, in a previous study on green peas, a
direct detection in radio was found only for two of them
using the Giant Metrewave Radio Telescope (GMRT)
(Chakraborti et al. 2012).
In this Letter, we push these radio studies to the even
younger and lower mass population of blueberry galax-
ies. We report their first ever radio detections, which
has been possible due to the wideband backend of the
upgraded GMRT (uGMRT, Gupta et al. 2017) allowing
us to reach an rms of ∼ 15 µJy beam−1 with reason-
able integration time at 1.25 GHz (Section 2). Here we
compare their radio-based SFRs with the optical SFR
and estimate their non-thermal fraction and equiparti-
tion magnetic field strengths.
Throughout this paper, we use the standard concor-
dance cosmology from WMAP9 (Hinshaw et al. 2013)
with ΩM = 0.286, ΩΛ = 0.714 and h100 = 0.69.
2. GMRT OBSERVATIONS
2.1. Sample
In this pilot study, we selected a subset of the 40 con-
firmed blueberry galaxies from Yang et al. (2017) as fol-
lows. The SFR from Yang et al. (2017) were used to
calculate the expected non-thermal flux density at 1.4
GHz for a normal star-forming galaxy following Yun &
Carilli (2002). Since this calibration can vary for our
population of young starburst galaxies, we selected 10
of the brightest sources to ensure direct detections.
These galaxies were observed using uGMRT (project
ID: 34 123) at Band-5 (1000-1450 MHz). The details of
the observations are listed in Table 1.
2.2. Data Analysis
Basic editing and calibration of the data were car-
ried out using standard procedures in aips. Data cor-
rupted by RFI were identified and removed using auto-
matic flagging algorithms in aips. We carried out flux,
phase and bandpass calibration using standard calibra-
tors. The flux calibrators used were 3C 147, 3C 286 and
3C 48. The time resolution used for this observation was
10.1s and no further time averaging was carried out. Few
channels were then averaged using task ‘SPLAT’ in aips
which resulted in a final channel width of ∼ 3.5 MHz.
This channel width would lead to 3% reduction in the
flux 5′ away from the centre of the field due to band-
width smearing, whereas at the location of our target,
there will only be negligible errors. The calibrated tar-
get source was then extracted out of the main data set.
Initial rounds of imaging and self-calibration were car-
ried out in aips using only a central bandwidth of 100
MHz to make sure bandwidth effects do not adversely
affect the image quality. Four rounds of the phase-only
self-calibration were carried out in aips to remove an-
tenna based ionospheric errors. The target source was
then exported to CASA and imaged using MS-MFS al-
gorithm (Rau & Cornwell 2011). The flux densities of
the target sources were then estimated using ‘JMFIT’
task in aips. The flux density values of all the sources
in our sample are summarized in Table 1. The errors on
flux density quoted in Table 1 represent the rms from
the images. However, for all the rest of the calculations
we add 10 % calibration error on the flux density in
quadrature. We found detections for 9 of the 10 sources
in our sample. Figure 1 shows the contours of radio im-
ages of these nine sources overlaid on the grz-band color
composite image from the Dark Energy Camera Legacy
Survey (DECaLS) or the Mayall z-band Legacy Survey
(MzLS) (Dey et al. 2019). We used the gri-bands from
SDSS (Abazajian et al. 2009) in the case of the source,
ObjID-34 due to the unavailability of DECaLS or MzLS
images.
3. RESULTS
Normal star-forming galaxies show a tight correlation
between the SFR and non-thermal radio emission and
typically have a negligible amount of thermal emission
at frequencies of ∼ 1 GHz and below (∼ 10% ± 9%,
e.g., Tabatabaei et al. 2017). Here we investigate the
SFR derived from the radio continuum emission for our
sample of the blueberry galaxies and compare it with
the SFR derived using optical emission lines.
The radio-based SFRs for our sample is derived us-
ing the 1.4 GHz luminosity calibration from Murphy
et al. (2011) Eq. 17. For our sample of blueberries,
the median value of the SFR from this calibrator is 0.15
Myr−1. In Figure 2 we plot the radio SFR against the
SFR derived using the Hα line from Yang et al. (2017).
Although there is a correlation between the two SFRs,
the star formation rates estimated from the radio emis-
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Table 1. Sample and observation details
ObjIDa R.A. Decl. Redshiftb Time on Flux density Beam Size Beam P.A.
(deg) (deg) z source
(min)
(µJy) (′′ × ′′) (◦ )
27 01h46m53.307s +03d19m22.360s 0.047 239 105±15 6.87′′× 3.24′′ 71.96◦
34 03h57m13.516s +18d08m45.582s 0.037 239 70 ±14 3.04′′× 2.48′′ 88.50◦
3 08h25m40.449s +18d46m17.209s 0.038 214 72 ±11 3.30′′× 2.51′′ 77.96◦
5 10h32m56.727s +49d19m47.226s 0.044 183 <39c 4.23′′× 2.40′′ 75.81◦
66 11h13m12.241s +03d01m12.831s 0.023 199 56 ±15 3.39′′× 2.42′′ −10.31◦
67 11h23m48.949s +20d50m31.297s 0.033 225 373 ±17 3.88′′× 2.31′′ 87.74◦
6 13h23m47.462s −01d32m52.008s 0.023 211 91 ±18 2.59′′× 2.43′′ 49.60◦
10 15h09m34.173s +37d31m46.117s 0.033 220 345 ±16 3.14′′× 2.55′′ −69.71◦
12 15h56m24.474s +48d06m45.792s 0.050 241 107 ±12 3.20′′× 2.36′′ −41.99◦
13 16h08m10.363s +35d28m09.346s 0.033 261 58 ±17 7.32′′× 3.31′′ 55.38◦
a - The ObjIDs correspond to those from Yang et al. (2017)
b - The redshifts are taken from Yang et al. (2017)
c - 3σ upper limit on the flux density
sion are significantly lower than the ones deduced from
Hα. Both the SFR calibrators use Kroupa IMF with
the same stellar mass limits (0.1 M- 100 M). Hence
we do not expect any difference in the two SFRs due to
a difference in the IMF and/or it’s adopted stellar mass
range. Note that here and in all other further analysis we
do not use ObjID 5 (red star) since it was not detected
in our observation and hence does not have a reliable
flux measurement. We do a least square fit between the
SFR1.4GHz and SFRHα which has a slope of 0.297±0.028.
This factor can be used to correct the radio-based SFRs
of blueberries. The scatter in the residual after remov-
ing the best-fit line is 0.065. Note that the 3σ upper
limit of the undetected source, ObjID 5 also lies within
the 2σ scatter of this relation. Blueberries can be dust
obscured (Rong et al. 2018), which could mean that the
SFRHα needs some dust correction. However, it will only
further enhance the radio-suppression observed here.
The stacking detection of Green pea galaxies with
VLA FIRST data showed suppression of radio contin-
uum emission by a factor of ∼ 0.53 (Chakraborti et al.
2012), however, the individual detections were closer to
the expected values. Carilli et al. (2008) also find a de-
pression in the stacked radio continuum emission for a
sample of high-z LBGs. They proposed that such a re-
duction can be a result of increased IC-CMB losses at
high-z or a combination of IC-CMB losses and intrinsic
reduction in radio continuum. Our sample of blueberry
galaxies are at very low redshifts and the effects of IC-
CMB is negligible which implies that the suppression is
intrinsic. And it is possible that even the high-z LBGs
show an intrinsic suppression of radio continuum.
One reason for the diminished radio emission might be
the young age itself. Greis et al. (2017) point out that
the standard SFR calibrators depend upon the stellar
population age and star formation history. Hα emission
traces the recent star formation (∼ 10 Myrs), whereas
the synchrotron or non-thermal radio emission traces
star formation which has been continuing for about 100
Myrs. Another reason for the diminished radio emission
could be that the relativistic electrons produced in the
galaxy escape from these galaxies easily compared to
other massive systems due to their shallow gravitational
potential (Greis et al. 2017).
In both the above cases, only the non-thermal radio
emission will show a decrement in the flux densities.
Hence, the thermal radio emission should be consis-
tent with that deduced using emission lines. Tabatabaei
et al. (2017) provides a calibration for converting the
thermal radio emission to SFR using the KINGFISH
galaxy sample (Kennicutt et al. 2011). Under this as-
sumption, we can estimate the non-thermal fraction as
follows. Let δ be thermal fraction such that the ther-
mal luminosity at L-band (Lth) is δ times the total
observed radio luminosity at L-band (Ltot). And let
β be the thermal radio calibration factor used to es-
timate the SFR from Tabatabaei et al. (2017). We
can then relate the SFR from Hα emission and δ as:
SFRHα = SFRth = β× (Lth) = β× (δLtot). The non-
thermal fraction, which is nothing but (1-δ), can the be
estimated using this above relation.
The median value of the non-thermal fraction for our
sample of blueberry galaxies is ∼ 0.49. Such a low non-
thermal fraction was also previously observed in other
types of dwarf galaxies e.g., in blue compact dwarfs
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Figure 1. Contours of the 1.25 GHz continuum image overlaid on the optical grz-band color composite image (14.4 ′′× 14.4
′′ in size) from DECaLS or MzLS (for sources without DECaLS data) or SDSS (for sources without DECaLS or MzLS data).
The contour levels represent 3 σ×(−1.0, 1.0, 1.19, 1.41, 1.68, 2.0, 2.38, 2.83, 3.36, 4.0, 4.76, 5.66, 6.73, 8.0, 9.51, 11.31) µJy
beam −1 where σ = 11.0, 13.0, 18.0, 16.0, 12.0, 14.3, 15.0, 14.0, 10.0, 20.0 for each of the sources sorted in the ascending order
of their ObjIDs. The clean beam is shown in the bottom left corner of each cutout.
(Thuan et al. 2004; Ramya et al. 2011), in IC 10, a post-
starbust dwarf irregular galaxy (Heesen et al. 2011) and
sample of faint star-forming dwarf galaxies (Roychowd-
hury & Chengalur 2012). Greis et al. (2017) showed that
the fraction of thermal radio emission can be as high
as ∼ 100% for a sample of local Lyman break analogs
(LBAs).
The difference in the non-thermal fraction in a sample
of dwarf galaxies with that of normal galaxies suggests
that there might be an evolution of the non-thermal frac-
tion with the growth of galaxies, particularly in their
stellar mass. We explore this in our sample by plot-
ting the non-thermal fraction against the galaxy stellar
mass in Figure 3. We see some correlation between the
non-thermal fraction and stellar mass. The Spearman’s
rank correlation coefficient between the two variable is
0.68 (with a p-value of 0.04). However, given that the
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Figure 2. Comparison of SFR from Hα and 1.4 GHz radio
luminosity shown in blue points. The red star corresponds
to the three sigma upper limit on SFR for one of the non-
detection in our sample. The least square fit between the
two SFRs (yellow solid line) has a slope of 0.297±0.028. The
scatter in the residual, obtained after subtracting the best-fit
line, is 0.065 (gray shaded region). The dashed line shows
the 2σ scatter of the residual.
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Figure 3. Estimated non-thermal fraction as a function of
stellar mass for our sample of blueberry galaxies.
uncertainties in this fraction are large and our sample is
small, we only claim a tentative correlation.
The origin of the non-thermal radio emission is at-
tributed to the SNe shocks where the CREs are gen-
erated and the magnetic fields amplified. We estimate
the magnetic fields from the non-thermal flux density
values in these galaxies. We make use of the revised
formula given by Beck & Krause (2005) for calculating
the equipartition magnetic fields. We assume the ratio
of the relativistic proton number density to that of the
electrons to be equal to 100 and a spectral index value
of −0.7. We assume a path-length of 0.3 kpc following
Chakraborti et al. (2012). The median equipartition
magnetic fields for our sample is estimated to be ∼ 27
µG.
4. DISCUSSION
To identify the reason for the deficit and the evolu-
tion in the radio non-thermal emission we compare the
characteristic timescales of various processes (age of the
recent starburst, build-up of SN rate and CRE escape
via diffusion or outflows).
4.1. Young ages
Assuming that most of the stellar mass was built up
in the starburst phase, we can use the current SFR to
put an upperlimit on the time elapsed since the onset of
this burst. We find that this timescale ranges from 30
- 370 Myr with a median value of 70 Myr for our sam-
ple of galaxies. Greis et al. (2017) show using a stellar
population synthesis for a system which forms stars at
a rate of 1 M yr−1 that the SFR traced by Hα and
[O II] becomes significant just after the star formation
commences. Whereas the synchrotron emission takes
about 10 Myr to become significant and matches with
the optical-based SFRs only after 100 Myr after the on-
set of star formation. Thermal emission, on the other
hand, traces the SFR on timescales similar to Hα and
[O II].
Even the evolution of the non-thermal fraction (see
Figure 3) can be easily explained if the decrement is
due to young age. The bolometric non-thermal emis-
sion, LNT from a galaxy can be roughly calculated
as LNT = νCCSNe × Eel (Bressan et al. 2002), where
νCCSN is the rate of the occurrence of CCSNe and Eel
is the power emitted by an electron via synchrotron
losses times the lifetime of the electron. There is an
overall dependence of the non-thermal emission on the
magnetic-field since Eel also depends on the magnetic-
field. Greis et al. (2017) consider only the evolution in
the rate of CCSNe which stabilizes after about 10 Myr
but the magnetic field could be evolving for a longer
timescale. Schleicher et al. (2010) suggest that satura-
tion of magnetic fields amplified via small-scale dynamo
(SSD; which could be the preferred model for blueber-
ries) happens only after ∼ 100 Myr. Hence, the mag-
netic fields in our sample of blueberry galaxies might
still be in the evolutionary phase as a result of which
the non-thermal fraction shows an evolution.
Thus in blueberry galaxies, which form one of the
youngest class of star-forming galaxies (with median
ages ≤ 70Myr), it is plausible that the star formation
has not sustained long enough for synchrotron emission
to become dominant.
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4.2. CRE escape via diffusion/outflows
The deficit in the non-thermal radio emission can also
be explained by the escape of CREs via diffusion and/or
winds/outflows. This happens only if their timescales
are lower than the synchrotron-loss timescales (Carilli
et al. 2008). Diffusion timescale (tD) can be estimated
as tD =
R2
D , where D, the diffusion coefficient is equal
to l0c3 and R is the size of the galaxy. The typical val-
ues of the mean free path, l0=0.3 kpc (see Chakraborti
et al. (2012) and Calvez et al. (2010) for details). For
an upper-limit of 1 kpc on the size we put an upper-
limit of 0.033 Myr on tD. We estimate the synchrotron-
loss timescales using the relation, τsyn = 33.4B
− 32
10 ν
− 12
1
(Pe´rez-Torres & Alberdi 2007), where B10 is the mag-
netic field value in units of 10 µG, and ν1 is the spectral
break frequency in GHz. For typical values of break fre-
quencies ranging from 1 - 12 GHz (Klein et al. 2018),
the synchrotron-loss timescales turn out to be ∼2 - 7.5
Myr. Since tD << τsyn, CRE diffusion might be play-
ing a major role in the suppression of radio continuum
emission in these galaxies.
Another possibility is the escape of CREs due to winds
or outflows. Galactic superwinds were shown to be
present in all the galaxies which had global SFR den-
sities (SFRDs) greater than 0.1 M yr−1 kpc−2 (Heck-
man 2002). Assuming an upper limit of 1 kpc for the size
of these blueberry galaxies, the SFRDs of all the galax-
ies are higher than 0.1 M yr−1 kpc−2. The typical
wind terminal velocities attained in starbursting galax-
ies hosting superwind are in the range, 2000 - 3000 km/s
(Heckman et al. 1990). Assuming a wind velocity of
2000 km/s, and a galaxy size of 1 kpc, we obtain escape
timescales of 0.5 Myr, which is also lower than the syn-
chrotron loss timescales. Such an outflow would only
be a natural consequence of the massive star formation
that is happening in these young massive galaxies.
In our study, we are not able to distinguish between
the different scenarios which lead to the decrement in
the radio continuum emission.
4.3. Amplification of magnetic-fields
The magnetic field for our galaxies are much higher
than those seen in more evolved systems like normal
spiral galaxies (e.g., about 9±2µG Niklas 1995).
The magnetic field amplification is explained widely
using the dynamo mechanism. The large-scale dynamo
models can effectively convert the kinetic energy to
magnetic energy in spiral galaxies where differential ro-
tation of conducting fluid is present. However, blueberry
galaxies are much younger and do not yet possess the
kind of large scale differential rotation seen in spirals.
Small scale dynamo (SSD) models, on the other hand,
amplify magnetic field by converting turbulent energy
due to supernova shocks (Ferrie`re & Blanc 1996) to the
magnetic energy at much smaller scales. Moreover, the
growth rates predicted by SSD models are larger com-
pared to the large-scale dynamo models (Brandenburg
& Subramanian 2005). Hence, the SSD mechanism is
often invoked to explain the µG level magnetic fields
observed in young galaxies (Kulsrud et al. 1997; Rieder
& Teyssier 2015). Our study also favors SSD mechanism
for the amplification of magnetic fields compared to the
large-scale dynamo models. A study of the evolution of
magnetic fields with the stellar mass in such systems can
provide useful insights into the underlying mechanisms
that amplify the magnetic fields.
In the future, we aim to do a detailed radio spec-
tral modeling (Klein et al. 2018) to make accurate es-
timates of the thermal/non-thermal fraction and as a
result, the magnetic field. In the case where CREs es-
cape the galaxy and causes the decrement in the radio
emission, it would show a break in the radio synchrotron
spectrum (Lisenfeld et al. 2004; Klein et al. 2018). We
would also increase the sample size to include both the
lower mass and higher mass galaxies (green pea galax-
ies) to study the evolution of the non-thermal properties
in these systems. We also aim to do a detailed compari-
son of SFRs from different indicators (e.g., UV+IR, Hα,
radio flux density, and multi-wavelength spectral energy
distribution fitting).
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